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ABSTRACT

T follicular helper (Tth) cells are specialized providers of cognate B cell help, which is important in promoting the induction of
high-affinity antibody production in germinal centers (GCs). Interleukin-6 (IL-6) and IL-21 have been known to play important
roles in Tfh cell differentiation. Here, we demonstrate that IL-7 plays a pivotal role in Tfh generation and GC formation in vivo,
as treatment with anti-IL-7 neutralizing antibody markedly impaired the development of Tth cells and IgG responses. Moreover,
codelivery of mouse Fc-fused IL-7 (IL-7-mFc) with a vaccine enhanced the generation of GC B cells as well as Tth cells but not
other lineages of T helper cells, including Th1, Th2, and Th17 cells. Interestingly, a 6-fold-lower dose of an influenza virus vac-
cine codelivered with Fc-fused IL-7 induced higher antigen-specific and cross-reactive IgG titers than the vaccine alone in both
mice and monkeys and led to markedly enhanced protection against heterologous influenza virus challenge in mice. Enhanced
generation of Tth cells by IL-7-mFc treatment was not significantly affected by the neutralization of IL-6 and IL-21, indicating an

independent role of IL-7 on Tth differentiation. Thus, IL-7 holds promise as a critical cytokine for selectively inducing Tfh cell

generation and enhancing protective IgG responses.

IMPORTANCE

Here, we demonstrate for the first time that codelivery of Fc-fused IL-7 significantly increased influenza virus vaccine-induced
antibody responses, accompanied by robust expansion of Tth cells and GC B cells as well as enhanced GC formation. Further-
more, IL-7-mFc induced earlier and cross-reactive IgG responses, leading to striking protection against heterologous influenza
virus challenge. These results suggest that Fc-fused IL-7 could be used for inducing strong and cross-protective humoral immu-
nity against highly mutable viruses, such as HIV and hepatitis C virus, as well as influenza viruses.

nterleukin-7 (IL-7) is a heavily glycosylated cytokine with a mo-

lecular mass of 25 kDa, and it is a member of the common
v-chain receptor (CD132) cytokine family. IL-7 is secreted mainly
by nonhematopoietic cells, such as thymic and intestinal epithelial
cells, bone marrow stromal cells, keratinocytes, and reticular cells
(1, 2). The receptor for IL-7, comprised of IL-7 receptor alpha
(IL-7Ra; CD127) and the common vy chain, is expressed on vari-
ous immune cells, including immature B cells, early thymocyte
progenitors, and most mature T lymphocytes. IL-7 plays a role in
the development of T cells, B cells, certain subsets of NK cells, and
dendritic cells (DCs), as well as in the homeostasis of naive and
memory T cells. In addition, IL-7 is important for yd T cell pro-
liferation and NKT cell maintenance. However, the role of IL-7 in
the differentiation of T follicular helper (Tth) cells and the induc-
tion of humoral immunity remains unclear.

Tth cells are the unique CD4™ T helper (Th) cells that provide
cognate help to B cells to induce high-affinity antibody produc-
tion in germinal centers (GCs) (3). GCs are specialized structures
that develop within B cell follicles of secondary lymphoid tissues.
GCs support intense B cell clonal expansion, somatic hypermuta-
tion, selection of high-affinity B cells, and class switching of im-
munoglobulin genes. These B cells ultimately are differentiated
into both memory B cells and long-lived plasma cells that secrete
high-affinity antibodies (2, 4).

The differentiation of Tth cells depends on the expression of a
master transcriptional repressor, Bcl-6, which inhibits non-Tth
lineage differentiation (Thl, Th2, and Thl7) by repressing
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Blimp-1 (5). Tth cells express CXCR5 and a number of costimula-
tory molecules, such as ICOS and PD-1 (6). In addition, IL-6 and
IL-21 have been shown to be important soluble regulators for the
differentiation of Tth cells (7-9). Recently, IL-27 was shown to in-
crease the Tth cell differentiation by upregulating IL-21 production
(10). However, there have been conflicting reports that the absence of
either IL-6 or IL-21 exhibits significant, moderate, or minimal effects
on Tth cell differentiation. The absence of both cytokines resulted in
a more significant decrease in Tth cell generation than each cytokine
alone in vivo (11), indicating that IL-6 and IL-21 have redundant
and/or additive functions in Tth differentiation. It remains to be de-
termined whether exogenous IL-6 or IL-21 induces the expansion of
Tth cells, as previous findings mentioned above were based on the
experiments using knockout mice and/or blockade antibodies.
Moreover, the generation of Tth cells is not completely impaired even
in the absence of IL-6 and IL-21 (11). These results indicate that these
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two cytokines by themselves are insufficient for full Tth differentia-
tion. Therefore, the full commitment of Tth differentiation may re-
quire additional unknown factors and/or sustained activation of
multisignaling pathways.

This study demonstrated that endogenous IL-7 is necessary
for GC formation as well as the generation of Tth cells in re-
sponse to T cell-dependent antigens. Moreover, exogenous
IL-7 significantly enhanced Tth cell differentiation and GC for-
mation after immunization with a vaccine and led to the in-
creased induction of total and cross-reactive IgG responses,
which were further confirmed by the protection against a lethal
heterologous influenza virus challenge.

MATERIALS AND METHODS

Animals. Female BALB/c mice, C57BL/6 mice, and DO11.10 T cell recep-
tor (TCR) transgenic mice were purchased from The Jackson Laboratory
(USA). CD90.1" Ragl '~ OT-II mice were obtained by breeding
CD90.1" OT-II mice to mice in the Ragl ~/~ background. All mice were
housed under specific-pathogen-free conditions in an approved animal
facility at POSTECH Biotech Center. Male cynomolgus monkeys were
supplied from National Primate Research Center (NPRC; South Korea).
Monkey experiments were performed in accordance with the procedures
outlined in the guide for the care and use of laboratory animals and ap-
proved by the NPRC.

Production and purification of Fc-fused IL-7 proteins. The codon-
optimized human IL-7 gene was fused to mouse Fc (IL-7-mFc) (12) or
human Fc (IL-7-hFc) (13), and encoding plasmids were stably transfected
into Chinese hamster ovary (CHO) cell lines. Cells were cultured in Ex-
Cell CHO DHFR ™ animal-component-free medium (SAFC, USA), and
the supernatants were harvested and filtrated with a vacuum filter (Corn-
ing, USA). Affinity chromatography using a Hitrap Protein-A FF affinity
column (Amersham-Pharmacia, USA) and MabSelect Sure (GE Health-
care, Sweden) was performed for the purification of IL-7-mFc and IL-7-
hFc protein, respectively, according to the manufacturer’s instructions.
The expression of IL-7-mFc and IL-7-hFc was confirmed by Western
blotting using anti-mouse IgG/human IgG and anti-IL-7 antibodies and
silver staining analysis (>95% purity), and their concentrations were de-
termined by human IL-7 enzyme-linked immunosorbent assay (ELISA)
(BD Biosciences, USA).

Immunization, virus infection, and adoptive cell transfer. Mice and
monkeys were injected intramuscularly with a trivalent inactivated-influ-
enza vaccine (TIV) consisting of influenza virus strains HIN1 A/New
Caledonia/20/99, H3N2 A/Fujian/411/2002, and B/Shanghai/361/2002
(GreenCross, South Korea) with or without recombinant IL-7 (Shenan-
doah Biotechnology, USA), IL-7-mFc, or IL-7-hFc. For OVA immuniza-
tion, mice were immunized intraperitoneally (i.p.) with alum (Pierce Bio-
technology, USA) combined with NP-OVA (Biosearch Technologies,
USA) and with or without IL-7-mFc. Sera were collected at the indicated
time points for immunological analyses. At 8 days postinjection, the im-
munized mice were lightly anesthetized by a 200-ul i.p. injection of ket-
amine (100 mg/kg of body weight; Yuhan, South Korea) and xylazine
hydrochloride (10 mg/kg of bodyweight; Bayer, Belgium) in phosphate-
buffered saline (PBS) and challenged with 50 pl of 2 X 10° PFU PR8/
HINT1 influenza virus via nostrils using a micropipette.

For the adoptive cell transfer, single-cell suspensions of CD90.1"
Ragl ™/~ OT-II cells were prepared and injected (1 X 10° to 5 X 10° cells
per mouse) intravenously into the mice. Intraperitoneal immunization
was performed at 1 day after the transfer.

Antibody ELISA. TIV or OVA-specific IgG titers were determined as
previously described (14). 96-Well immunoplates (Nunc, Denmark) were
coated with 50 pl of TIV (0.5 pg/ml) or OVA (10 g/ml) in PBS. Sera were
serially diluted in 5% nonfat milk in 0.05% Tween 20-containing PBS
(PBST). ELISA endpoint titers were expressed as the highest dilution that
yielded an optical density greater than the means plus three times the
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standard deviations of an identically diluted negative-control sample.
TIV-specific antibody ELISA was performed as previously described (15).
Sera diluted at 1:50 ratio in 5% nonfat milk in PBST were used.

For PR8/HINI1 (HINI, A/Puerto Rico/8/34) virus-specific antibody
ELISA, PR8/HINT1 viruses first were inactivated using formalin as previ-
ously described (16), and 50 pl of inactivated PR8/HINT virus (6 X 10°
PFU/ml) was coated onto each well. Sera were serially diluted and end-
point titers were expressed as mentioned above.

HI assay. Hemagglutination inhibition (HI) assay was performed as
described previously (17). Briefly, NC/HIN1 (HIN1, A/New Caledonia/
20/99) was diluted to contain 4 hemagglutinating units in PBS. Diluted
viruses were incubated with serial 2-fold dilutions of receptor-destroying
enzyme-treated serum samples, starting with a 1:20 dilution at room tem-
perature for 30 min. Antigen-antibody mixtures were tested for hemag-
glutinin (HA) activity by the addition of 0.5% chicken red blood cells to
determine the HI titers. The results are presented as the geometric mean
titers of positive sera (=20).

Blockade or neutralizing antibody treatments. Anti-mouse CD4 an-
tibody (GK1.5 clone) and anti-IL-7 antibody (M25 clone) were prepared
from ascites, purified, and diluted in PBS. Anti-IL-6 antibody and anti-
IL-21 antibody were purchased from Bioxcell (USA) and eBioscience
(USA), respectively. Mice were i.p. injected with anti-CD4 antibodies
(500 pg/mouse) 1 day prior to vaccination. For neutralization of cyto-
kines, anti-IL-7 (1 mg/mouse) antibodies were i.p. injected three times a
week. Anti-IL-6 antibodies were administered as previously described
(11), and anti-IL-21 (100 pg/mouse) antibodies were i.p. injected twice a
week. The effectiveness of CD4 depletion was confirmed using anti-
mouse CD4 antibody (RM4-4 clone; eBioscience, USA) and anti-mouse
CD3 antibody (eBioscience, USA) by flow cytometry.

Flow cytometry. Single-cell suspensions were obtained by gentle me-
chanical disruption of lymph nodes or spleens. Cells were stained in fluores-
cence-activated cell sorting (FACS) buffer (1% fetal bovine serum [FBS] in
PBS) with the appropriate combination of the following monoclonal anti-
bodies: gamma interferon (IFN-y) (clone XMGI1.2), IL-4 (clone 11B11),
IL-17 (clone ebio17B7), CD90.1 (clone HIS51), PD-1 (clone RMP1-30),
B220 (clone RA3-6B2), CD4 (clone RM4-5), CD3e (clone 500A2), biotin-
conjugated Fas (clone Jo2), GL-7 (clone GL7), Bcl-6 (clone K112-91), puri-
fied CXCRS5 (clone 2G8) in conjunction with streptavidin-allophycocyanin
(APC), and biotin-conjugated anti-rat IgG. Tth cell staining was performed as
described previously (18). All samples were analyzed using a Gallios flow
cytometer (Beckman Coulter, USA) and Flow Jo software (TreeStar, USA).

Intracellular cytokine staining. At 1 week postimmunization (wpi),
lymph node cells or splenocytes were restimulated either for 24 h with 10
pg/ml TIV HA protein in the TIV model or for 6 h with 1 uM OVA;,; 53
in the OT-II model, respectively, in the presence of GolgiStop (BD Bio-
science, USA). Subsequently, cells were fixed and permeabilized with the
Cytofix/Cytoperm kit (BD Bioscience, USA) and then stained with anti-
IFN-v, anti-IL-4, or anti-IL-17 antibody.

Immunohistochemical analysis. Freshly obtained spleens were em-
bedded in optimal-cutting-temperature (OCT) compound and fixed in
methanol. To detect GCs, 8-m sections were stained with biotin-conju-
gated peanut agglutinin (PNA) overnight and further incubated with
streptavidin-conjugated APC and fluorescein isothiocyanate (FITC)-con-
jugated B220 for 2 h. The sections were mounted with PermaFlour
mounting medium (Thermo, United Kingdom) and analyzed with a con-
focal scanning laser microscope (Zeiss, Germany).

Quantitative real-time PCR. Transferred CD90.1" OT-II cells were
enriched from the spleen of recipient mice using biotin anti-CD19, biotin
anti-B220, biotin anti-CD11b, biotin anti-CD11c, biotin anti-CD24, bio-
tin anti-CD8a (BioLegend, USA), and streptavidin microbeads (BD Bio-
sciences, USA) and further sorted into CD90.1" CD4" CD44™ cell pop-
ulations by FACS. RNA was prepared using a ReliaPrep RNA cell
Miniprep system (Promega, USA), reverse transcribed into cDNA, and
analyzed using ViiA 7 (Applied Biosystems, USA).
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FIG 1 Augmented TIV-specific antibody responses by codelivery of IL-7 or IL-7-mFc. (A) BALB/c mice were immunized with 0.6 ug TIV alone or with either 1.8 pg
IL-7 or 1.8 pg IL-7-mFc (n = 8/group). (B) BALB/c mice were immunized with 0.6 g TIV alone or in combination with the indicated dose of IL-7-mFc (1 = 8/group).
(C) Mice were intramuscularly injected with 0.6 g TIV into the right limb, and 1.8 pg IL-7-mFc was either added to the same injection as a mixture or administered into
the oppositelimb (1 = 8/group). At 1 or 3 wpi, serum levels of IgG, IgG1, or [gG2a specific to TIV were determined individually by endpoint titration ELISA. Data, shown
as means * standard errors of the means (SEM), are representative of three independent experiments. TIV, trivalent inactivated influenza virus vaccine consisting of
HIN1 A/New Caledonia/20/99, H3N2 A/Fujian/411/2002, and B/Shanghai/361/2002. *, P < 0.05 by Student’s t test.

Statistical analysis. A two-tailed Student’s  test was used to evaluate
statistical differences between the experimental groups. Differences in
survival rates between groups were determined using a log-rank test.

RESULTS

Effect of IL-7 or Fc-fused IL-7 cotreatment on the induction of
IgG responses to TIV. To determine the role of IL-7 in IgG re-
sponses, we investigated whether the administration of exogenous
IL-7 can enhance IgG responses induced by immunization with a
trivalent inactivated influenza virus vaccine (TIV). When BALB/c
mice were immunized with TIV alone or in combination with
IL-7, a significant increase in total IgG as well as IgG1 and IgG2a
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titers was observed for codelivery of IL-7. Interestingly, the adju-
vant effect of IL-7 was further improved by nonlytic mouse Fc
fusion, presumably due to its prolonged half-life (Fig. 1A), which
is in line with our previous report that codelivery of nonlytic Fc-
fused IL-7 significantly increased both CD4" and CD8" T cell
responses induced by DNA vaccine to a greater degree than did
lytic Fc-fused IL-7 or unmodified IL-7 (12). Since the highest in-
crease in the induction of the IgG response was observed in TIV
plus IL-7-mFc at a 1:3 mass ratio (Fig. 1B), we used the same ratio
for all of the following experiments.

Moreover, the strongest IgG responses were induced by coim-
munization of IL-7-mFc with TIV at the same site in a mixture
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FIG 2 Dose-sparing effect by codelivery of Fc-fused IL-7. BALB/c mice (n =
8/group) (A) or cynomolgus monkeys (n = 4/group) (B) were immunized
with the indicated doses of TIV in combination with IL-7-mFc or IL-7-hFc,
respectively. Serum IgG responses specific to TIV protein were determined by
endpoint titration ELISA at 1 wpi in mice or at 1 to 4 wpi in cynomolgus
monkeys. Data, shown as means * SEM, are representative of three indepen-
dent mice experiments (A) or a single monkey experiment (B). *, P < 0.05
compared to the group treated only with TIV by Student’s ¢ test.

(Fig. 1C), indicating the importance of colocalization of the vac-
cine and adjuvant.

Dose-sparing effect of TIV by Fc-fused IL-7 cotreatment in
mouse and monkey. To further evaluate the dose-sparing effect of
TIV, mice were immunized with different doses of TIV plus IL-7-
mFc in a mixture. As expected, a dose-dependent increase in IgG
titers to TIV was observed (Fig. 2A). Interestingly, even with a
10-fold lower dose of TTV (0.06 jLg), the addition of IL-7-mFc was
able to elicit a 3-fold higher IgG titer than TIV (0.6 pg) alone.
Moreover, a half dose of TIV (0.3 pg) with IL-7-mFc exhibited a
detectable HI titer against NC/HINT1 in three out of four mice,
whereas no HI response was observed with TIV (0.6 wng) alone
(Table 1).

There are significant differences in the immune systems of
mouse and human, including Ig subclasses, IgG receptors, and
expression patterns of Th cytokines (19). While IL-7 is crucial for
B cell development in mice, it is dispensable for human B cell
development, at least during the neonatal stage (20). In this re-
gard, we assessed the effect of human Fc-fused IL-7 (IL-7-hFc)
(13) on the induction of IgG response in nonhuman primates.
Cynomolgus monkeys were immunized with 30 pg of TIV alone
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or a lower titrating dose (15, 5, or 3 pg) of TIV with IL-7-hFc. As
expected, we obtained similar results in mice; a 6-fold lower dose
of TIV (5 ng) codelivered with IL-7-mFc increased the IgG titer to
a significantly higher level than did TTV (30 pg) alone at 2 and 4
weeks postimmunization (Fig. 2B). Moreover, a 10-fold lower
dose of TIV (3 jug) with IL-7-hFc exerted a higher seroprotective
HI titer in more immunized monkeys than TIV (30 g) alone (2/4
or 3/4 versus 1/4) (Table 1). Interestingly, detectable HI responses
were observed among two out of four monkeys at 1 week postim-
munization with a half dose of TIV (15 wg) plus IL-7-hFc, sug-
gesting earlier induction of neutralizing IgG responses by codeliv-
ery of IL-7-hFc.

Enhanced cross-reactive IgG responses and protection by Fc-
fused IL-7 cotreatment in mouse and monkey. To find out
whether these adjuvant effects of Fc-fused IL-7 can induce cross-
reactive IgG responses, we measured cross-reactive IgG titer using
a different type of HA protein (PR8/H1N1) which exhibited 82%
amino acid sequence homology with the NC/HIN1 HA protein
included in TIV. Intriguingly, mice immunized with a 6-fold
lower dose of TIV (0.1 g) plus IL-7-mFc exhibited significantly
higher cross-reactive IgG titers than mice treated with TIV alone
(0.6 ng) (Fig. 3A). Similar to the results obtained in mice, lower
doses of TIV (5 or 15 pwg) plus IL-7-hFc induced higher cross-
reactive IgG titers than did TIV alone (30 wg) in monkeys, al-
though at a statistically insignificant level (n = 4) (Fig. 3B).

To further confirm the enhanced cross-reactive IgG titers by
codelivery of IL-7-mFc, BALB/c mice were immunized with vari-
ous doses of TTV with IL-7-mFc and then challenged with a lethal
dose of heterologous virus (PR8/HIN1). Similar to naive mice,
mice treated with IL-7-mFc alone suffered from rapid weight loss
and died within 11 days postchallenge (dpc), indicating that IL-7-
mFc alone did not provide any protection (Fig. 3C and D). Mice
immunized with TIV alone appeared to lose weight and suc-
cumbed to the influenza virus, with only one out of eight (13%)
mice surviving. In contrast, despite the initial weight loss detected
during 8 dpc, mice immunized with TIV plus IL-7-mFc rapidly
regained their weight and showed elongated survival in a dose-

TABLE 1 HI antibody titers against NC/HINT1 in the immunized mice
and monkeys

F(Fli\g,)ljﬁddose IL-7-hEc HI titer” (GMT?) against NC/HINT1 at wk:
animal group  dose (ng) 1 2 3 4
Mouse
0.6 <20 (0/4)
0.6 1.8 33 (3/4)
03 0.9 20 (3/4)
0.1 0.3 <20 (0/4)
0.06 0.18 <20 (0/4)
Monkey
30 0 20 (1/4) 20 (1/4) 20 (1/4)
15 45 20 (2/4) 213 (3/4) 213 (3/4) 320(3/4)
5 15 0 53 (3/4) 53 (3/4) 53 (3/4)
3 9 0 80 (2/4) 80 (2/4) 60 (3/4)

@ The geometric mean HI antibody titers against an NC/HIN1 virus (HIN1, A/New
Caledonia/20/1999) are expressed as the reciprocal of the highest dilution of sera that
inhibited hemagglutination at 3 wpi in mice and at 1 to 4 wpi in monkeys. The
numbers of positive serum samples/total number of mouse or monkey serum samples
are indicated in parentheses.

¥ GMT, geometric mean reciprocal endpoint titer.
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FIG 3 Induction of cross-reactive IgG responses and enhanced protective efficacy against heterologous influenza virus challenge by cotreatment of IL-7-mFc. (A
and B) BALB/c mice (n = 8/group) (A) or cynomolgus monkeys (n = 4/group) (B) were immunized with the indicated doses of TIV in combination with
IL-7-mFc or IL-7-hFc, respectively. Serum IgG responses specific to inactivated PR8/HINI1 virus particles were determined by endpoint titration ELISA at 1 wpi
inmice orat 1 to 4 wpi in cynomolgus monkeys. (C and D) BALB/c mice were immunized with the indicated doses of TIV in the presence or absence of IL-7-mFc
(n = 8/group). At 8 days after immunization, mice were challenged intranasally with a lethal dose of PR8/HINT1 virus (2 X 10° PFU). Mice were observed daily
to monitor body weight (C) and survival rate (D). Data, shown as means = SEM, are representative of three independent mice experiments (A) or a single
monkey experiment (B). *, P < 0.05 compared to the TIV-only group by Student’s ¢ test. PR8/H1N1, HIN1 A/Puerto Rico/8/34. Data are representative of two
independent experiments with similar results. T, P < 0.05 compared to the TIV-only group by a log-rank test.

dependent manner, resulting in an 88% (7/8) survival rate with
the same dose of TIV (0.6 wg) plus IL-7-mFc (Fig. 3). Overall,
it is likely that the survival rate correlated directly with the
magnitude of the cross-reactive IgG responses induced by TIV
with IL-7-mFc.

Enhanced expansion of Tth cells and germinal-center B cells
by IL-7-mFc cotreatment. Since it was reported that IgG responses
could be induced without CD4" T cell help (21), we investigated
whether CD4™ T cells play a crucial role in the induction of IgG
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responses by TIV in the presence or absence of IL-7-mFc. Upon treat-
ment with CD4" T cell-depleting antibodies, TIV-induced IgG re-
sponses were not generated at all, regardless of IL-7-mFc treatment,
suggesting a crucial role of CD4™ T cells in IgG induction (Fig. 4A).

To analyze which CD4™" T cell subsets have an impact on the
increased IgG responses, BALB/c mice were immunized with TTV
alone or in combination with IL-7-mFc. Codelivery of IL-7-mFc
with TIV did not significantly enhance TIV-specific Th1 (CD4"
IFN-y™), Th2 (CD4" IL-47), and Th17 (CD4" IL-177) cells
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FIG 4 Expansion of Tth cells and GC B cells, as well as GC formation by TIV cotreatment with IL-7-mFc. BALB/c mice were immunized with 0.6 ug TIV alone
or in combination with IL-7-mFc. CD4-depleting antibody (a-CD4) was treated 1 day prior to immunization with the vaccine (n = 6/group). (A) At 1 wpi,
HA-specific IgG responses were determined by endpoint titration ELISA. (B to E) BALB/c mice were immunized with 0.6 g TIV with or without 1.8 g
IL-7-mFc (n = 10/group). (B) At 1 wpi, draining lymph node cells were stimulated with 10 g/ml TIV HA for 24 h, and the percentage of Th1 (IFN-y™), Th2
(IL-4"), or Th17 (IL-17") cells was measured by intracellular cytokine staining. Tth cells (CXCR5* Bcl-6™ and CXCR5" PD-1") among CD4 ™ T cells (C) or
germinal center B cells (FAS* GL-7") among B220™ B cells (D) were analyzed by flow cytometry. (E) Representative images of PNA staining (red) for detecting
PNA™ GCs (depicted by arrows) in spleen by immunohistochemical analysis are shown. Data, shown as means + SEM, are representative of two independent

experiments. P < 0.05 (*) and P < 0.01 (**) by Student’s ¢ test.

compared to TIV alone (Fig. 4B). These results are inconsistent
with a previous report that observed the facilitation of Thl cell
development by IL-7 treatment in the experimental autoimmune
encephalomyelitis (EAE) model (22). The discrepancy may be due
to the difference in experimental conditions (in vitro versus in
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vivo) and the nature of T cells stimulated by IL-7 (naive T cells
versus Th1l-polarized T cells). In contrast, codelivery of IL-7-mFc
with TIV immunization markedly increased the frequency of Tth
cells (Fig. 4C), which were represented as CD4" CXCR5™" Bcl6™
or CD4" CXCR5" PD-1" T cells (3).
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FIG 5 Effect of IL-7-mFc cotreatment on the generation of Th subsets in OT-II transfer model. C57BL/6 mice were intravenously injected with OT-II cells and
then immunized with 10 wg OVA protein in the presence or absence of 30 wg IL-7-mFc (n = 5/group). At 1 wpi, splenocytes were isolated and restimulated for
6 hwith 1 puM OVA,;, 55, peptide. (A) Gated CD4 ™" T cells were analyzed by intracellular cytokine staining for IFN-v, IL-4, or IL-17 production. The percentage
of Tth cells in OT-II cells (B) and GC B cells in B220™ cells (C) was determined as previously described. (D) Serum levels of OVA-specific IgG were determined
by endpoint titration ELISA. Data, shown as means = SEM, are representative of two independent experiments. **, P < 0.01 by Student’s t test.

Consistent with the enhanced frequency of Tth cells, codelivery of
IL-7-mFc exhibited a significantly increased frequency of GC B cells
(B220" Fas™ GL-7") compared to TIV alone (Fig. 4D). GCs are in-
ducible lymphoid microenvironments located within the B cell folli-
cle (23), and PNA was widely used to probe GCs (24, 25). Thus, the
architectures that are stained positively for both B220 and PNA
(B220" PNA™) represent GCs, and their frequency is markedly in-
creased in IL-7-mFc-cotreated mice compared to levels for the con-
trol group. (Fig. 4E). To further investigate whether IL-7-mFc-medi-
ated expansion of Tth cells is antigen specific, OVA-specific CD4* T
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cells were adoptively transferred into C57BL/6 mice and then immu-
nized with OVA with or without IL-7-mFc. Similar to the results
obtained in the TIV model, the number of non-Tth CD4 " -lineage
subsets was not increased by IL-7-mFc cotreatment, whereas the fre-
quency of OVA-specific Tth cells and GC B cells as well as the level of
IgG titers to OVA antigen were significantly increased (Fig. 5). These
results indicate that the effect of exogenous IL-7-mFc on the differ-
entiation of Tth cells is independent of immunogen type (TIV or
OVA), experimental model (with or without T cell transfer), and
animal strain (BALB/c or C57BL/6).
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FIG 6 Comparison of mRNA expression levels between antigen-only and IL-7-
mFc cotreatment. C57BL/6 mice were transferred with naive OT-II cells (5 X 10°)
and then immunized with 10 pg OVA (with alum) in the presence or absence of 30
wgIL-7-mFc (n = 4/group). The transferred OT-II cells were sorted from spleen of
the immunized mice on day 2 or day 4 after immunization. mRNA levels of the
indicated molecules were determined by quantitative real-time PCR. Data are
representative of three independent experiments. NA, data not available owing to
the failure of detecting the mRNA level of either group.

When we investigated the expression of Tth cell-related genes,
the levels of CXCR5 and ICOS were increased at days 2 and 4 and
Bcl6 expression was enhanced at day 4. In contrast, transcriptional
factors of non-Tth CD4 " lineage subsets, such as Foxp3, GATA3,
and T-bet, were not affected (Fig. 6).

Effect of IL-7 on the development of GC B cells and Tth cells
is independent of IL-6 and IL-21. Since IL-6 and IL-21 are well
known as crucial factors for Tth cell differentiation, we investi-
gated whether enhanced Tth cell generation by IL-7 treatment was
mediated by IL-6 and/or IL-21. Consistent with a previous report
(11), the generation of Tth cells (Fig. 7A) and GC B cells (Fig. 7B)
induced by TIV immunization was significantly, but not com-
pletely, impaired by cotreatment of anti-IL-6/IL-21 antibodies.
However, the suppressive effects of IL-6/IL-21 blockades was not
observed in the presence of IL-7-mFc with TIV (Fig. 7A and B),
suggesting that exogenous IL-7 could compensate for the neutral-
ization of IL-6 and IL-21 and/or enhance Tth cell differentiation in
an IL-6- and IL-21-independent manner.

To investigate whether endogenous IL-7 as well as IL-6 and
IL-21 could regulate Tth cell differentiation and GC B cell forma-
tion, anti-IL-6, anti-IL-7, or anti-IL-21 neutralizing antibodies,
either alone or in combination, were administered during immu-
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nization with TIV. As expected, cotreatment of IL-6 or IL-21
blockade significantly decreased the frequency of Tth cells. Inter-
estingly, cotreatment of IL-7 blockade antibody exhibited a signif-
icant decrease in the frequency of Tth cells, which was further
decreased by combined treatment of IL-6 and IL-21 blockades
(Fig. 8A). Moreover, the frequency and number of GC B cells as
well as TIV-specific IgG responses were significantly reduced by
IL-7 blockade (Fig. 8B and C). Taken together, IL-7 as a distinct
cytokine, independent of IL-6 and IL-21, plays a critical role in
inducing the generation of Tth cells and GC B cells on immuniza-
tion under physiological conditions.

DISCUSSION

Considering that pandemic influenza viruses occur suddenly and
spread rapidly, it is important to generate sufficient amounts of
influenza virus vaccines capable of inducing protective antibody
responses as early as possible in order to limit viral transmission.
Here, we demonstrated that codelivery of Fc-fused IL-7 signifi-
cantly enhances not only TIV-induced IgG titer but also early
neutralizing IgG responses. Moreover, IL-7 cotreatment exhibits
prominent dose-sparing benefits of TIV in monkeys as well as in
mice. Enhanced cross-reactive IgG responses also were confirmed
by increased protection against lethal doses of heterologous influ-
enza virus in mice. It was reported that cross-reactive antibody
responses are critical factors for the protective immunity against
highly variable pathogens, such as HIV and influenza virus (26). It
is possible that the induction of cross-reactive IgG responses ob-
served in this study are due to enhanced T cell receptor (TCR)
repertoire diversity (27) as well as increased frequency of Tth cells
by IL-7 cotreatment during immunization. Cross-reactive
epitopes are well conserved among strains of highly mutable vi-
ruses but generally are subdominant for T cell activation (28).
IL-7R signaling could activate subdominant epitope-specific T
cells by lowering the threshold of T cell activation, leading to the
expansion of the T cell pool that can recognize diverse T cell
epitopes (29). Within a pool of increased T cells, exogenous IL-7
may further promote the differentiation of T cells into functional
Tth cells, followed by increased GC formation. During the GC
reaction, B cells undergo clonal expansion with somatic hypermu-
tation of the immunoglobulin gene and affinity maturation by
migrating back and forth between dark and light zones of the GC
(23), resulting in an increase of the B cell receptor repertoire.
Moreover, the increased numbers of Tth cells could activate B cells
presenting subdominant T cell epitopes via T cell-B cell cognate
interaction. As a result, activated B cells recognizing conserved B
cell epitopes could differentiate into plasma cells to produce cross-
reactive antibodies. It was reported that Tth cells are important for
the increase of total antibody responses by providing help to B
cells and maintaining the GC reaction (30). Indeed, the develop-
ment of Tth and GC B cells, as well as IgG responses, was markedly
impaired by cotreatment of IL-7 blockade during immunization
with TIV, suggesting a critical role of endogenous IL-7 in Tth cell
generation as well as the induction of IgG responses.

In this study, we demonstrated that codelivery of exogenous
IL-7 with antigen considerably promoted the differentiation of
naive T cells into Tth cells. Although the precise mechanisms by
which IL-7 upregulates Tth cell generation remain to be studied,
several possibilities could be envisaged based on previous reports.
Given that the effect of IL-7 has been determined in an IL-7R-
dependent manner, IL-7R-expressing cells participating in the Tth
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FIG 7 Effect of the IL-6/IL-21 blockade on the generation of Tth cells and GC B cells by IL-7-mFc cotreatment. BALB/c mice were immunized with 10 pg TIV
with or without 30 g IL-7-mFc. In addition, the combination of anti-IL-6 and anti-IL-21 neutralizing antibodies was injected into the immunized mice as
described in Materials and Methods (n = 5/group). At 1 wpi, draining lymph node cells were analyzed to evaluate the percentage of Tth cells (A) and GC B cells
(B). Data, shown as means * SEM, are representative of two independent experiments. P < 0.05 (*) and P < 0.01 (**) by Student’s ¢ test.

cell development process might be prime candidates, such as
CD4™" T cells and dendritic cells (DCs). Since CD4 " T cells them-
selves express high levels of IL-7R, direct action of IL-7 ona CD4 ™"
T cell might be the most effective way to promote Tth cells. Thus,
it is likely that IL-7 could directly augment several T-cell-intrinsic
factors, such as surface molecules (ICOS and CD40L) (18, 31, 32),
signaling factors (STAT-1, STAT-3, and STAT-4) (8, 33, 34), and
transcriptional factors (Bcl6) (35), in CD4™ T cells, all of which
may play indispensable roles in Tth cell development. Correspon-
dently, we observed a significant increase in ICOS expression on
transferred OVA-specific CD4™ T cells upon cotreatment with
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OVA and IL-7-mFc (data not shown). Moreover, when sorted
naive CD4 " T cells were treated with IL-7-mFc in vitro, increased
activation of STAT1, STAT3, and STAT5 was observed by immu-
noblot assay (data not shown), yielding results consistent with
those of previous reports that showed T cell stimulation by IL-7
(36-38). This is particularly interesting because the activation of
STAT1 and STATS3 signaling pathways has been known to drive
Tth cell development (33, 39). Alternatively, IL-7-mFc treatment
may induce activation of DCs and subsequent secretion of a wide
range of cytokines that could drive Tth cell development. A proper
activation of DCs is important in the process of Tth cell differen-
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FIG 8 Effects of the IL-7 blockade on Tth cell and GC B cell development during TIV immunization. BALB/c mice first were immunized with 10 g TIV and then
treated with anti-IL-6, anti-IL-7, or anti-IL-21 neutralizing antibody, either alone or in combination, as described in Materials and Methods (1 = 5/group). At
1 wpi, draining lymph node cells were analyzed to determine the frequency of Tth cells (A) and the frequency and the number of GC B cells (B). (C) At 1 wpi,
serum levels of IgG to TIV were determined by endpoint titration ELISA. Data, shown as means = SEM, are representative of two independent experiments. **,
P < 0.01 by Student’s ¢ test.

tiation, as cognate interactions between DCs and naive CD4™ T tiple DC subsets that express IL-7R, such as miDC, cDC, and pDC
cells not only provide necessary and sufficient signals to induce  (43-45), could secrete cytokines required for the induction of Tth
initial commitment of Tth cell differentiation (40) but also pro-  cell differentiation. For instance, it was previously shown that ac-
mote preferential induction of Tth cell formation through their  tivated cDCs produce a substantial amount of IL-6 in response to
sustained interaction (41, 42). Prior studies have shown that mul- ~ CD40 stimulation through the activation of type I interferon sig-
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naling (46, 47). Similarly, pDCs are known to produce IL-6 upon
CD40 stimulation as well as tumor growth factor beta treatment
(48, 49). More importantly, activated human DCs could play a
role in the induction of IL-21-secreting Tth-like cells via IL-12-
mediated STAT4 activation (50). Therefore, although the cyto-
kine secretion profiles of various DC subsets upon exogenous IL-7
treatment remain to be determined, the activation of DCs by IL-7
also may produce helper molecules that could skew the differen-
tiation pathway of T cells toward Tth cells. In sum, it is likely that
IL-7 induces Tth cell differentiation by upregulating the expres-
sion of Tth cell-inducing molecules on CD4* T cells directly or by
stimulating the secretion of cytokines from multiple DC subsets,
which would be considered an indirect effect. Future studies using
the elegant conditional knockout mice that abolish IL-7R-medi-
ated signaling in CD4™" T cells only during the T cell differentia-
tion period or in DCs would be appropriate to elucidate clear
mechanisms of IL-7 in Tth cell development.
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